Abstract. Taurine upregulated gene 1 (TUG1), a long non-coding RNA (lncRNA), has recently been suggested to be associated with the development of osteosarcoma (OS), but the underlying molecular mechanism still remains largely unclear. In the present study, it was revealed that TUG1 was significantly upregulated whereas miR-212-3p was significantly downregulated in OS tissues and cell lines, when compared with adjacent non-tumor tissues and normal osteoblasts cell lines, respectively. An inverse association between the TUG1 and miR-212-3p expression was also observed in OS tissues. Furthermore, TUG1 directly interacted with miR-212-3p and negatively regulated the expression of miR-212-3p in OS cells. In vitro experiments further indicated that inhibition of TUG1 suppressed the proliferation and invasion of OS cells. Furthermore, knockdown of miR-212-3p eliminated the suppressive effects of TUG1 inhibition on the proliferation and invasion of OS cells. Taken together, these findings demonstrate that TUG1 promotes OS cell proliferation and invasion by inhibition of miR-212-3p expression, thus suggesting that TUG1 may become a potential therapeutic target for OS.
Introduction
Osteosarcoma (OS) is the most prevailing primary malignant tumor in the bone (1, 2) . Although advances have been made on the treatment of OS including neoadjuvant or adjuvant chemotherapy combined with surgery and radiotherapy, the 5-year survival rate of patients with advanced OS has not significantly improved from 27.4% (2) (3) (4) . Exploring the molecular mechanisms underlying the development and progression of OS is beneficial for identifying novel and effective therapeutic targets for this disease (2) .
Long non-coding RNAs (lncRNAs), a class of regulatory transcripts >200 nucleotides, function mainly through interaction with mRNAs, microRNAs (miRNAs or miRs) or proteins (5, 6) . miRNAs, a class of non-coding small RNAs containing 22-25 nucleotides, are also key regulators for gene expression via directly binding to the 3'-untranslated region of their target mRNAs, causing mRNA degradation or translation repression (7, 8) . It has been established that both lncRNAs and miRNAs participate in a variety of cellular biological processes including cell proliferation, apoptosis, differentiation, motility and tumorigenesis (9) (10) (11) . Furthermore, a large number of lncRNAs and miRNAs are deregulated in human cancers, and many have been identified to act as oncogenes or tumor suppressors (12) (13) (14) .
The lncRNA taurine upregulated gene 1 (TUG1) is located at chr22q12.2 and has been reported to be deregulated in some common human cancers, and generally serve an oncogenic role (15) . For instance, TUG1 promotes cervical cancer progression by regulating the miR-138-5p-Sirtuin 1 axis (16). Yan et al (17) recently reported that TUG1 promoted the malignant progression of oral squamous cell carcinoma through upregulating formin-like protein 2 by directly binding to miR-219. Recently, TUG1 was reported to be aberrantly overexpressed in OS, and its upregulation correlated with distant metastasis as well as poor prognosis of patients with OS (18) . Furthermore, TUG1 has also been demonstrated to sponge several miRNAs to serve its promoting role in OS, including miR-9, miR-144, miR-153, and miR-335 (19) (20) (21) (22) . For instance, Wang et al (21) recently reported that knockdown of TUG1 inhibits OS cell proliferation and invasion by sponging miR-153. In addition, TUG1 promotes OS cell migration and invasion by acting as a competing endogenous RNA (ceRNA) of miR-335-5p (20) . However, whether other miRNAs are also sponged by TUG1 in OS cells remains unclear.
miR-212 has been demonstrated to generally act as a tumor suppressor in certain common human cancers. For instance, miR-212 is downregulated and suppresses methyl-CpG-binding protein in human gastric cancer (23) . A number of previous studies have reported that miR-212 has a suppressive role in OS cell proliferation and invasion via inhibiting the expression levels of their target genes such as SRY-box 4 (SOX4) and forkhead box A1 (FOXA1) (24, 25) . However, to the best of our knowledge the association between TUG1 and miR-212 in OS has not previously been reported.
The present study aimed to explore the regulatory mechanism of TUG1 underlying OS cell proliferation and invasion in vitro. Cell transfection. Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) was used to transfect Saos-2 and U2OS cells with 100 nM non-specific short interfering RNA (siRNA; NC siRNA; cat. no. sc-37007; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), 100 nM TUG1-specific siRNA (TUG1 siRNA; cat. no. YB2421; Yearthbio, Changsha, China), 100 nM pcDNA3.1 vector, 100 nM pcDNA-TUG1 expression plasmid (cat. no. YB1317; Yearthbio), 100 nM miR-212-3p inhibitor (cat. no. HmiR-AN0319-SN-10; Guangzhou Fulengen Co., Ltd., Guangzhou, China), and 100 nM negative control (NC) inhibitor (cat. no. CmiR-AN0001-SN; Guangzhou Fulengen Co., Ltd.), respectively, according to the manufacturer's instruction. Following transfection for 48 h, experiments were performed.
Materials and methods

Clinical
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was isolated from clinical tissues and cells using TRIzol reagent (Thermo Fisher Scientific, Inc.), and then reverse transcribed into cDNA using a RevertAid First Stand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. A SYBR ® Premix Ex Taq™ Tli RNaseH Plus PCR kit (Takara Biotechnology Co., Ltd., Dalian, China) was used to examine the expression of TUG1 with an ABI 7300 Sequence Detector (Thermo Fisher Scientific, Inc.). A TaqMan Human miRNA assay kit (Thermo Fisher Scientific, Inc.) was used to examine the miR-212-3p expression. GAPDH and U6 were used as the internal references. The reaction conditions were 95˚C for 3 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. The relative gene expression was calculated using the 2 -ΔΔCq method (26) . The primers sequences were as follows: TUG1, forward 5'-CTG AAG AAA GGC AAC ATC-3' and reverse 5'-GTA GGC TAC TAC AGG ATT TG-3'; GAPDH, forward 5'-GGA GCG AGA TCC CTC CAA AAT-3' and reverse 5'-GGC TGT TGT CAT ACT TCT CAT GG-3'; miR-212-3p, forward 5'-GGT AAC AGT CTC CAG TCA-3' and reverse 5'-GCA ATT GCA CTG GAT ACG-3'; and U6, forward 5'-CTC GCT TCG GCA GCA CAT ATA CT-3' and reverse 5'-CGC TTC ACG AAT TTG CGT GT-3'.
Western blotting. Cells were lysed in radioimmunoprecipitation assay buffer (Thermo Fisher Scientific, Inc.) containing protease inhibitor (Thermo Fisher Scientific, Inc.). The protein concentration was determined using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology, Haimen, China), according to the manufacturer's protocol. Protein samples (50 µg) were separated by 12% SDS-PAGE, and then transferred to a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). The membrane was then blocked in 5% non-fat dried milk in TBS with 0.1% Tween-20 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at room temperature for 3 h. Subsequently, the membrane was incubated with rabbit anti-matrix metalloproteinase (MMP)2 (1:50; cat. no. ab37150), anti-MMP9 (1:50; cat. no. ab38898) and anti-GAPDH (1:100; cat. no. ab9485; all Abcam, Cambridge, UK) primary antibodies at room temperature for 3 h. Following washing with PBS with Tween-20 3 times, the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody (1:5,000; cat. no. ab6721; Abcam) at room temperature for 40 min. The protein signal was detected using the enhanced chemiluminescence reagents (Pierce; Thermo Fisher Scientific, Inc.), and the densitometric analysis was conducted using ImageJ software 1.48 (National Institutes of Health, Bethesda, MD, USA).
Cell Counting assay. Transfected cells (1.5x10 3 per well) were plated in 96-well culture plates, and cultured for 0, 24, 48 and 72 h. Cell proliferation was determined using CCK-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan), according to the manufacturer's protocol. Absorbance was detected at 450 nm on a microplate reader (Molecular Devices, LLC, Sunnyvale, CA, USA).
Cell invasion assay. A total of 1x10
5 cells were seeded into the upper chamber of a Transwell plate pre-coated with Matrigel (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) containing 200 µl serum-free DMEM, and 500 µl DMEM with 10% FBS was added into the lower chamber. Following incubation at 37˚C for 24 h, the remaining cells in the upper chamber were discarded, and the membrane was fixed with 4% formaldehyde for 20 min and stained with Giemsa for 10 min at room temperature. The invasive cells were observed and counted under a light microscope (magnification, x400).
Bioinformatics analysis. The target genes for TUG1 and miR-212-3p were predicted using RNAhybrid 2.12 (http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/).
Luciferase reporter gene assay. The fragment from TUG1 containing the wild type (WT) or mutant type (MT) miR-212-3p binding sites were cloned into a pmirGLO Dual-luciferase Target Vector (Promega Corporation, Madison, WI, USA), generating WT and MT TUG1 plasmids. U2OS cells were co-transfected with WT TUG1 plasmid or MT TUG1 plasmid, and miR-212-3p mimic (Sigma-Aldrich; Merck KGaA) or scramble miRNA mimic (Sigma-Aldrich; Merck KGaA) using Lipofectamine 2000 according to the manufacturer's protocol. Following 48 h for transfection, luciferase reporter gene assay was performed using the Dual-Luciferase Reporter Assay System (Promega Corporation), according to the manufacturer's protocol. The firefly luciferase activities were normalized against Renilla luciferase activity.
Statistical analysis. Data are presented as the mean ± standard deviation. SPSS 18.0 software (SPSS, Inc., Chicago, IL, USA) was used to perform the statistical analysis. Differences among three or more groups were analyzed with one-way analysis of variance followed by a post-hoc Tukey's test or two-tailed Student's t-test between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
TUG1 is upregulated in OS tissues and cell lines.
In the present study, the TUG1 expression in OS tissues was examined by performing RT-qPCR. As presented in Fig. 1A , the expression levels of TUG1 were significantly higher in OS tissues compared with adjacent non-tumor tissues. Subsequently, its expression was detected in several common OS cell lines including MG63, Saos-2, U2OS, and HOS, and the normal human osteoblast cell line HFOB1.19 was used as the control group. As indicated in Fig. 1B , the expression levels of TUG1 were also significantly increased in OS cell lines compared with HFOB1.19 cells. Accordingly, TUG1 is upregulated in OS tissues and cell lines. In addition, as Saos-2 and U2OS demonstrated the highest expression levels of TUG1, these two cell lines were used in the following experiments.
TUG1 negatively regulates the expression of miR-212-3p by sponging it in OS cells. As lncRNAs can function through interacting with miRNAs, bioinformatics analysis was performed to identify the potential target miRNAs of TUG1 in OS cells. As indicated in Fig. 2A , the putative binding sites between TUG1 and miR-212-3p were identified. To confirm this prediction, luciferase reporter plasmid containing the WT or MT miR-212-3p binding sites in TUG1 were constructed (Fig. 2B) . As presented in Fig. 2C and D, transfection with miR-212-3p mimic significantly inhibited the luciferase activity of WT TUG1 in Saos-2 and U2OS cells, but did not affect the luciferase activity of MT TUG1. These findings suggest that TUG1 is able to sponge miR-212-3p in OS cells.
The effects of TUG1 on the expression of miR-212-3p were evaluated. Saos-2 and U2OS cells were transfected with TUG1 siRNA or TUG1 plasmid to knockdown or upregulate its expression, respectively. Following transfection, the expression of TUG1 was significantly decreased in the TUG1 siRNA group compared with NC siRNA group, and significantly increased in the TUG1 group compared with the blank group (Fig. 3A and B) . It was also demonstrated that knockdown of TUG1 enhanced miR-212-3p expression (Fig. 3C) and overexpression of TUG1 significantly inhibited expression of miR-212-3p (Fig. 3D) in OS cells. These findings suggest that TUG1 negatively regulates the expression of miR-212-3p by sponging it in OS cells.
miR-212-3p is downregulated in OS.
The expression of miR-212-3p was evaluated in OS tissues and cell lines using RT-qPCR. The data indicated that miR-212-3p was significantly downregulated in OS tissues and cell lines, when compared with adjacent non-tumor tissues and normal osteoblasts cell line, respectively ( Fig. 4A and B) . Furthermore, an inverse association between TUG1 and miR-212-3p expression was observed in OS tissues (Fig. 4C) .
Knockdown of TUG1 inhibits OS cell proliferation and invasion. As TUG1 was upregulated in OS, OS cells were transfected with TUG1 siRNA to downregulate its expression, and the effects of TUG1 downregulation on OS cell proliferation and invasion were investigated. A CCK-8 assay was performed to examine cell proliferation. As presented in Fig. 5A and B, the proliferation of Saos-2 and U2OS cells was significantly reduced in the TUG1 siRNA group compared with the NC siRNA group. Following that, a Transwell assay was performed to evaluate cell invasion. As presented in Fig. 5C and D, the invasion of Saos-2 and U2OS cells in the TUG1 siRNA group was significantly inhibited following inhibition of TUG1 expression. Consistently, western blot data indicated that the protein levels of MMP2 and MMP9, two key enzymes associated with tumor cell invasion (27) , were significantly reduced in the TUG1 siRNA group compared with the NC siRNA group (Fig. 5E and F) . Taken together, these findings indicate that knockdown of TUG1 expression inhibits OS cell proliferation and invasion.
Inhibition of TUG1 suppresses OS cell proliferation and invasion by sponging miR-212-3p
. Based on the above findings, it was speculated that TUG1 may regulate OS cell proliferation and invasion by sponging miR-212-3p. To clarify this speculation, the TUG1 siRNA transfected OS cells were transfected with NC inhibitor or miR-212-3p inhibitor. Following transfection, miR-212-3p levels were significantly reduced in the TUG1 siRNA+miR-212-3p inhibitor group compared with the TUG1 siRNA+NC inhibitor group (Fig. 6A) . Further investigation indicated that the proliferation of OS cells was significantly increased in the TUG1 siRNA+miR-212-3p inhibitor group compared with the TUG1 siRNA+NC inhibitor group (Fig. 6B and C) .
Similarly, the cell invasion capacity was also significantly higher in the TUG1 siRNA+miR-212-3p inhibitor group compared with the TUG1 siRNA+NC inhibitor group (Fig. 7A and B) . Furthermore, the suppressive effects of TUG1 inhibition on the protein expression of MMP2 and MMP9 were significantly ameliorated following co-transfection with miR-212-3p inhibitor (Fig. 7C-D) . Accordingly, these findings demonstrate that Inhibition of TUG1 suppresses OS cell proliferation and invasion by sponging miR-212-3p.
Discussion
The molecular mechanism of TUG1 underlying OS growth and metastasis remains largely unclear. In the present study, it was demonstrated that TUG1 was significantly upregulated whereas miR-212-3p was significantly downregulated in OS tissues and cell lines, when compared with adjacent non-tumor tissues and normal osteoblast cell lines, respectively. An inverse association between the TUG1 and miR-212-3p expression was also observed in OS tissues. Furthermore, TUG1 directly interacted with miR-212-3p and negatively regulated the expression of miR-212-3p in OS cells. In vitro experiments further indicated that inhibition of TUG1 suppressed the proliferation and invasion of OS cells. Furthermore, knockdown of miR-212-3p eliminated the suppressive effects of TUG1 inhibition on the proliferation and invasion of OS cells.
In recent years, TUG1 has been demonstrated to be aberrantly upregulated in certain common human cancers, and has been suggested to serve a promoting role during tumor progression (15, 17, 28) . For instance, TUG1 is significantly upregulated in gastric cancer tissues and significantly correlated with clinicopathological characteristics (29) . Xu et al (30) recently reported an upregulation of TUG1 in both cholangiocarcinoma tissues and cell lines, and that its overexpression is linked to tumor size, TNM stage, postoperative recurrence and overall survival of cholangiocarcinoma patients. Furthermore, knockdown of TUG1 inhibited cholangiocarcinoma cell growth and metastasis in vitro by inhibition of epithelial-mesenchymal transition (EMT) (30) . In addition, TUG1 promotes papillary thyroid cancer cell proliferation, migration and EMT formation through targeting miR-145 (31) . In the present study, it was also demonstrated that the expression of TUG1 was significantly upregulated in OS tissues and cells, consistent with previous studies (18, 32) . Furthermore, silencing of TUG1 by siRNA caused a significant decrease in OS cell proliferation and invasion in vitro.
Furthermore, lncRNAs have been demonstrated to act as endogenous sponges of miRNAs, and negatively regulate the expression of miRNAs through sponging them (28, 33) . For instance, TUG1 promotes cell proliferation and metastasis by negatively regulating miR-300 in gallbladder carcinoma (28) . Furthermore, TUG1 promotes endometrial cancer development via inhibiting miR-299 and miR-34a-5p (33) . In OS, TUG1 contributes to tumorigenesis by sponging miR-9-5p and regulating POU2F1 expression (19) . Wang et al (20) recently demonstrated that TUG1 promoted OS cell migration and invasion by acting as a ceRNA of miR-335-5p. Cao et al (22) also reported that TUG1 promoted OS tumorigenesis by upregulating EZH2 expression via miR-144-3p. In addition, knockdown of TUG1 inhibits the proliferation and invasion of OS cells by sponging miR-153 (21) . In the present study, bioinformatics analysis and luciferase reporter assay confirmed that TUG1 is an endogenous sponge of miR-212-3p, and the expression of miR-212-3p was negatively regulated by TUG1 in OS cells in vitro. Furthermore, it was demonstrated that the miR-212-3p levels were significantly reduced in OS tissues and cell lines, when compared with adjacent non-tumor tissues and normal osteoblasts cell line, respectively, and an inverse association between TUG1 and miR-212-3p expression was observed in OS tissues. Therefore, these findings suggest that the increased expression of TUG1 may contribute to the reduced miR-212-3p in OS.
The suppressive role of miR-212 has previously been reported in OS (24, 25) . miR-212 inhibits OS cells proliferation and invasion by directly targeting SOX4 and FOXA1 (24, 25) . However, the regulatory mechanism of miR-212-3p expression in OS cells still remains largely unclear. In the present study, it was demonstrated that knockdown of TUG1 inhibited OS cell proliferation and invasion, whereas these effects were rescued when the expression of miR-212-3p was suppressed. These findings suggest that inhibition of TUG1 suppresses OS cell proliferation and invasion by sponging miR-212-3p.
In summary, the present study demonstrates that TUG1 serves a promoting role in regulating OS cell proliferation and invasion by sponging miR-212-5p, and thus expands the knowledge of the molecular mechanisms of OS. However, the present study is limited by the small number of clinical samples utilized. Future studies should also utilize animals in order to further results.
